A peroxidase oxidizing Mn P (MnP) is described for the first time in Bjerkandera adusta, a fungus efficiently degrading xenobiotic compounds. The MnP appeared as two isoenzymes, which were purified to homogeneity together with two lignin peroxidases (LiP). Their N-terminal sequences were identical, but the MnP isoenzymes showed more basic isoelectric points and differences in amino acid composition and catalytic properties. The B. adusta LiP is similar to LiP from Phanerochaete chrysosporium. However, the interest of the MnP described here is related to its ability to catalyze Mn P -mediated as well as Mn P -independent reactions on aromatic compounds, which may be of use for applications in biotechnology and environmental technology. z
Introduction
Bjerkandera adusta is a wood-rotting basidiomycete belonging to the white-rot fungi. White-rot fungi are the most e¤cient lignin degraders in nature [1] and they are also able to oxidize xenobiotic compounds including some environmental pollutants [2, 3] . Lignin degradation by white-rot fungi is catalyzed by secreted oxidases and peroxidases [4] . Among these enzymes are laccases and the peroxidases lignin peroxidase (LiP) and manganese peroxidase (MnP), the latter ¢rst described in Phanerochaete chrysosporium [5^7] . LiP catalyzes the oxidation of non-phenolic aromatic compounds like veratryl alcohol. MnP oxidizes Mn P to Mn Q , which is able to oxidize many phenolic compounds [8] . Some phenols are also able to reduce compound I of MnP but not compound II. Therefore Mn P is necessary for completion of the catalytic cycle of P. chrysosporium MnP [9] .
The biotechnological interest of Bjerkandera species arises from their ability to degrade aromatic 0378-1097 / 98 / $19.00 ß 1998 Federation of European Microbiological Societies. Published by Elsevier Science B.V. All rights reserved. PII: S 0 3 7 8 -1 0 9 7 ( 9 8 ) 0 0 2 5 5 -9 xenobiotics [10, 11] as well as lignin and extractives on Eucalyptus wood [12] . However, little is known about ligninolytic enzymes produced by B. adusta, the most prevalent Bjerkandera species in Europe. This study reports puri¢cation and characterization of MnP and LiP isoenzymes from a B. adusta strain e¤ciently degrading dyes [11] , the former enzyme being described for the ¢rst time in this fungal species.
Materials and methods

Organism and culture conditions
B. adusta DSM 11310 was grown in glucose-ammonium medium with the azo dye reactive violet 5 [11] . The cultures (450 ml in 2-l £asks) were inoculated (4% v/v) with washed and homogenized mycelium from 10-day-old cultures grown in 1% malt extract at 28³C and 140 rpm.
Peroxidase puri¢cation
The supernatant was separated from the mycelium (1.2 Wm ¢lter) and Q Sepharose (Pharmacia) was added (2.5 ml l 3I ). The suspension was shaken for 1 h at 4³C, ¢ltered and the procedure repeated until peroxidase activity in the ¢ltrate was below 2%. The adsorbed proteins were eluted in 20 mM phosphate, 0.5 M NaCl (pH 6), concentrated by ultra¢ltration (10 kDa cut-o¡) and dialyzed against 20 mM L-histidine (pH 6). The concentrated proteins were applied to a Mono Q HR5/5 column (Pharmacia) equilibrated with the above bu¡er, and those retained were eluted with a 0^0.3 M NaCl gradient (180 ml, 1 ml min 3I ). Pools of LiP and MnP were concentrated and dialyzed against the bu¡er used in the next puri¢cation step. Then they were chromatographed on a Mono Q column using 20 mM histidine bu¡er of lower pH than in the previous step (pH 4.6 for LiP, pH 4.8 for MnP), and a 0^0.2 M NaCl gradient (80 ml, 1 ml min 3I ). Puri¢cation of MnP was completed by Mono Q chromatography in 10 mM tartrate (pH 4.5) using a 0^0.05 M NaCl gradient (25.6 ml, 0.8 ml min 3I ). The di¡erent isoenzymes were concentrated, dialyzed and stored at 320³C.
Enzymatic activities
The following reaction conditions were used to assay enzyme activities during the puri¢cation procedure: manganese-independent peroxidase (MIP) activity was measured with 1 mM 2,6-dimethoxyphenol (DMP) in 0.1 M sodium tartrate (pH 4.5) using 0.1 mM H P O P . MnP activity was measured as above but adding 1 mM MnSO R (and subtracting MIP activity). LiP activity was determined with 2 mM veratryl alcohol in 0.1 M sodium tartrate at pH 3 and 0.1 mM H P O P . Laccase activity was investigated by oxidation of 1 mM DMP or ABTS (2,2P-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)) in 0.1 M sodium tartrate (pH 4.5). Dye-decolorizing activities were determined with 50 mg l 3I CI reactive violet 5 or CI reactive blue 38 (both from DyStar, Frankfurt, Germany), and 0.1 mM H P O P in 0.1 M tartrate at pH 3.5 [11] .
After enzyme puri¢cation, steady-state kinetic constants were determined for di¡erent substrates in 0.1 M tartrate at the pH values indicated below. Activities were calculated from the linear phase of the reaction using molar absorbances of the oxidation products of Mn 
Enzyme characterization
Protein concentration was determined with Bradford reagent. The content of N-linked carbohydrate was estimated after deglycosylation of 0.5 Wg protein with 40 mU N-glycosidase F from Boehringer. SDS-PAGE of native and deglycosylated proteins was performed in 12% polyacrylamide gels. Isoelectric focusing (IEF) was performed in 5% polyacrylamide gels with a thickness of 1 mm prepared with Pharmalyte (Pharmacia) (pH 2.5^5) or with Servalyt (Serva) (pH 2^4). 1 M H Q PO R and 0.5 M NaOH were used as cathode and anode £uids respectively. Protein bands were stained with AgNO Q after SDS-PAGE, and with Coomassie blue R-250 after IEF. The amino acid composition was determined with a Biochrom 20 autoanalyzer (Pharmacia) after hydrolysis of 20 Wg protein with 6 M HCl at 110³C for 24 h. N-terminal sequences were obtained by automated Edman degradation of 7 Wg protein in an Applied Biosystems 477A pulsed liquid protein sequencer with 120A on-line phenylthiohydantoin analysis.
Results
Enzyme detection during fungal growth
During cultivation of B. adusta on dye-containing glucose-ammonium medium, MnP and MIP-type activities rose simultaneously and reached a maximum (23 U l 3I MnP and 11 U l 3I MIP) after 5 days. LiP activity could not be detected in the culture supernatant, but it appeared during enzyme puri¢cation. Laccase activity was not found. Dyedecolorizing peroxidase activity with the azo dye reactive violet 5 and the phthalocyanine dye reactive blue 38 reached a maximum simultaneously with MnP and MIP-type activity at day 5. At this time point approximately 60% of the added dye was decolorized.
Puri¢cation of B. adusta LiP and MnP
The cultures were harvested at day 5 after inoculation, extracellular proteins were concentrated by adsorption to Q Sepharose, and fractionated by anion exchange chromatography as shown in Fig.  1A . Fractions containing most LiP (86^109 ml) and MnP (110^125 ml) activities were pooled separately for further puri¢cation. Fractions between 45 and 75 ml contained MIP activity with DMP, but no activity with veratryl alcohol. Most of the dye-decolorizing activity with reactive violet 5 and reactive blue 38 was found at 110^125 ml, together with MnP activity. The puri¢cation of LiP isoenzymes was completed by Mono Q chromatography at pH 4.6, as shown in Fig. 1B . MnP isoenzymes could not be separated using similar chromatographic conditions, but it was accomplished using an extremely shallow gradient, as shown in Fig. 1C . Puri¢cation was completed by rechromatography under the same conditions (Fig. 1D) . The homogeneity of the isoenzymes was con¢rmed by SDS-PAGE and IEF (Fig. 2) . A summary of the puri¢cation process, in- cluding isoenzyme yield at the di¡erent steps is shown in Table 1 .
Physical properties
The molecular mass of the two MnP isoenzymes was estimated by SDS-PAGE to be 44 kDa. After (Fig.  2B) .
The molecular mass of the two LiP isoenzymes was 48 kDa for the native enzymes and 45.5 kDa for the N-deglycosylated proteins, corresponding to 5% N-linked carbohydrate. The isoelectric points were estimated to be 3.1 for LiP1 and 3.0 for LiP2 (Fig. 2C) .
Amino acid composition and N-terminal sequence
The following amino acid compositions (residues/ molecule) were obtained for the B. adusta peroxidases (MnP1, LiP2): Asx (49, 56), Thr (26, 41), Ser (30, 19), Glx (39, 39), Gly (37, 39), Ala (47, 60), Cys (6, 6), Val (24, 22) , Met (6, 10), Ile (19, 21) , Leu (27, 30) , Phe (28, 36), His (9, 9), Lys (8, 7), Arg (10, 11), Pro (35, 35) and Tyr (0, 0) (Trp was not determined). No appreciable di¡erences were found between isoenzymes of LiP or MnP.
The N-terminal sequences (25 residues) for LiP1, LiP2 and MnP1 from B. adusta were identical (and no di¡erences were found after partial sequencing, nine amino acids, of MnP2). The sequences are shown in Table 2 , together with those of MnP and LiP isoenzymes from other fungi. The residues in positions 3, 15 and 16 probably correspond to cysteines, not detected during sequencing, since three Cys residues are conserved in other MnP and LiP isoenzymes at these positions.
Catalytic properties
The MnP isoenzymes exhibited both Mn P -oxidizing and Mn P -independent activities on the substrates DMP and veratryl alcohol. The pH optima for MnP1 enzymatic activities were 5 for oxidation of Mn P , 4.5 for Mn P -dependent oxidation of DMP, and 3 for Mn P -independent oxidation of DMP or veratryl alcohol. The catalytic constants with various substrates are shown in Table 3 . Because of the high K m for veratryl alcohol oxidation by MnP, the LiP-type activity of this enzyme was underestimated during the puri¢cation, using a substrate concentration of 2 mM. The pH optima for oxidation of veratryl alcohol by LiP1 and LiP2 were 3.25 and 3.1, respectively. With ABTS the optimum of both isoenzymes was at pH 3. The catalytic constants are given in Table  3 . The K m and V mx values obtained for the two isoenzymes of LiP were very similar. However, LiP2 had a lower K m for H P O P and a higher V mx with ABTS than LiP1.
Discussion
This is the ¢rst report describing the isolation and characterization of a MnP from B. adusta. After its description in P. chrysosporium [7] MnP isoenzymes were characterized from several white-rot fungi including Trametes versicolor [14, 21, 22] and Pleurotus species [13, 23] . With isoelectric points of 3.45 and [20] Identical residues at the same position are indicated in bold type (dashes indicate gaps introduced to maximize alignment). 3.35, the two B. adusta MnP are more acidic than most MnP isoenzymes (showing isoelectric points between 2.9 and 5.3). Their molecular mass is in the range of most fungal MnP. In contrast to the wellstudied MnP isoenzymes from P. chrysosporium [9] , the B. adusta MnP1 and MnP2 exhibit manganeseindependent activity on aromatic substrates, such as veratryl alcohol and DMP. However, the catalytic e¤ciency (V mx /K m ) is much higher with Mn P than with the aromatic substrates. In the case of veratryl alcohol the low catalytic e¤ciency is caused by a high K m value compared to LiP. On the other hand, with DMP the catalytic e¤ciency of B. adusta MnP is in the same order of magnitude as described for LiP and aromatic substrates. With respect to these unusual catalytic properties B. adusta MnP is similar to recently described MnP from Pleurotus species [13, 23] .
LiP isoenzymes also have been characterized from several white-rot fungi [5, 6, 18, 21, 22] . The two LiP isoenzymes puri¢ed here are similar to LiP isoenzymes from P. chrysosporium [24] with respect to their catalytic properties and molecular mass. However, with isoelectric points of 3.1 and 3.0, the B. adusta LiP isoenzymes are more acidic than those from other fungi (showing isoelectric points between 3.1 and 4.7). Moreover, a lower isoelectric point and di¡erent N-terminal sequences indicate that the isoenzymes isolated here are di¡erent from the LiP isoenzyme with isoelectric point of 4.2 isolated by Kimura et al. [18, 25] from another B. adusta strain grown on glucose-peptone medium.
The MnP and LiP isoenzymes from B. adusta differed signi¢cantly in their a¤nity to
N-terminal sequencing (25 residues) revealed that B. adusta MnP and LiP have high similarity to MnP (1^2 di¡erent residues) and LiP (4^5 di¡erent residues) from T. versicolor [14, 22] (see Table 2 ). The Nterminal sequence of B. adusta MnP1 di¡ers in 10 residues from the catalytically similar P. eryngii MnPL1 and MnPL2, but the N-termini of P. chrysosporium MnP isoenzymes are even less related. On the other hand, P. chrysosporium LiP H2 has a relatively similar N-terminal sequence to that of B. adusta LiP, whereas that of LiP H8 is extremely different. In spite of the limited sequence information it can be noted that similarities of the N-termini of peroxidases are in accordance with the classi¢cation in di¡erent taxa of the genera producing them. Bjerkandera, Pleurotus and Trametes belong to Poriales, whereas Phanerochaete and Phlebia belong to Stereales and Lentinula to Agaricales [26] .
MnP and LiP have been proposed to form two separate families within the plant peroxidase superfamily [27] due to the low amino acid identities (below 50%) encountered between P. chrysosporium MnP and LiP genes. Surprisingly, the 25 N-terminal amino acids of B. adusta MnP1 and LiP isoenzymes isolated here were identical, indicating exceptionally high similarity between the two types of peroxidases in B. adusta. However, these LiP and MnP di¡ered signi¢cantly in other properties, such as isoelectric point, serine and threonine content and catalytic properties.
In conclusion, we have identi¢ed and characterized the peroxidases produced by B. adusta under the culture conditions used for dye decolorization [11] . The relevance of these peroxidases for the versatile degrading abilities of B. adusta remains to be investigated. In this respect the MnP isoenzymes are of special interest. Their ability to catalyze Mn P -mediated as well as Mn P -independent reactions may serve for di¡erent functions than those described for P. chrysosporium MnP both in lignin biodegradation and biotechnological applications.
